To generally improve effectivity of parts production and metal cutting process, there are used process models of super alloys together with finite element modeling simulations. Advanced measurement methods of the process could improve and verify the accuracy of these models. These methods cause many error sources when using empiric or exact methods such as infrared radiation thermography to measure the temperature distribution of the tool, workpiece, and chip during metal cutting. Measuring of metal machining is challenging due to factors such as the high magnification required, high surface speeds and deformations, micro-blackbody effects, changing emissivity and deformations present at metal cutting. As part of an ongoing effort to improve our understanding of uncertainties associated with these measurement methods, multimeasurement sets of experiments were performed. First set of measurements observed connection between surface temperature and the internal temperature of the cutting tool. This was accomplished by measuring the temperature using a thermal camera in cutting zone. Second set performed high-speed scan of dynamic processes such as formation of elastic and plastic deformation. During this operation was applied high-speed scannning system using macro conversion lens for monitoring of micro-structural changes in deformation areas. Next necessary applied set is recording of dynamic processes by implementation of piezoelectric measurement device for monitoring of cutting forces. The outputs from multimeasuring system are the basis for verification of theoretical knowledge from this field and elimination of uncertainties, which arise by using computer simulation systems.
INTRODUCTION
Cutting process analytical modeling allows understanding of basic principles of the metal cutting phenomena along with the reduction of dependence on empiricisms through removing a large amount of timeconsuming experiments. What is more important, it enables the evaluation of main process factors such as force of cutting and aids in its prediction, which is required to optimal execution of the machining operation. There are many analytical models developed till now which can determine relations between the variables participated in the cutting process. It is generally accepted that the cutting process in the course of metal machining is restricted to area in the front of tool cutting edge due to intensive local shear deformation of the machined material. [1, 2] Most of actual analytical models describe the cutting process as a simple two-dimensional model named orthogonal cutting. Most cutting operations are actually three dimensional and can be properly described using the oblique cutting model where the cutting edge is inclined at an angle of obliquity, λ, consistently with the primary motion course of the workpiece. Nevertheless, the simplified orthogonal model is generally used as a good demonstration of the oblique model. Figure 1 illustrates the orthogonal and oblique cutting models. In Figure 1 (c), the workpiece, initially motioning at speed v, go through a plastic shearing strain and that leads to a chip streaming at speed vc after passing a certain shear area exemplified by the shear plane AB. Due to its importance as a measure of the energy efficiency of the cutting process, the shear plane orientation, φ, is essential to analytical models development of the cutting process [2] . In addition to the stress at the cutting area, the orientation of the shear plane affects the kinematics of the machining process too. Merchant (1944) designed the most simple and usually used model to determine the shear plane angle. He constituted a mathematical concept for describing force relationships in the cutting process. Another premise of Merchant's force of cutting model is that the whole shearing action is restricted to a single plane of deformation. Lee and Shaffer (1951) chose another approach and modeled the cutting process based on the plasticity theory. The Lee and Shaffer's model expects that plastic deformation spreads over the defined shear zone represented by ΔABC. There is uniform stress presumed within the shear zone without work hardening effects. Complete shearing action is expected to occur along parallel lines of slip within the shear zone. Lee and Shaffer's model also presumes that the maximum shear stress is orientated in the same direction as the shear plane AC. [3] Zorev (1966) pointed out incongruities of both the single shear plane and homogenous stress slip-line theoretical models. He concluded that both models are limited in their premises; the slip-line model does not consider the real aspect of work hardening (and thus no stress gradient) during machining while the single shear plane model ignores the enormous velocity deceleration of the work material from speed v to speed vc. Zorev designed a shear plane model shown in Figure 2 [1] Palmer and Oxley (1959) experimentally studied the cutting process using cinematography technique. Their results validated the multi-shear plane theory. They also concluded that tool-chip contact occurs some distance away from the tool tip resulting in a kinematical dead zone at the tool tip. It was incorrectly assumed that no further plastic deformation occurs as the chip contacts the tool face and the secondary deformation observed is larger due to elastic chip flattening at this point. As proven conclusively from the later experimental work of Wallace and Boothroyd, the chip continues to undergo plastic deformation via shear upon contact with the tool rake face. A similar theory was included in Zorev's (1966) work on predicting the shear zone area.
Thus, two major deformation zones called the Primary Deformation Zone (PDZ) and a Secondary Deformation Zone (SDZ) can be identified in metal cutting process. The second occurs because of shear due to the contact friction conditions between the chip and the tool rake face. Based on experimental observations, Roth and Oxley (1972) developed a slip-line field model using velocity dependent material flow lines that definitive identify PDZ and SDZ. Based on the latter set of slip-line field models, the orthogonal cutting process can be presented as shown in Figure 3 . Depending on the subject matter under consideration, both the single shear plane models as well as slip-line models have been used alternatively by researchers to study the cutting process. Aside from the seminal work already mentioned, there are several excellent analytical models characterizing cutting mechanics available. A list of analytical models is presented by Shaw (2005) and will not be mentioned here for brevity. [2] 2 MULTIFUNCTION MEASURING SYSTEM Modeling system FEM is an important tool for rationalization of the metal cutting process, allowing industry to make parts faster, better, and at less cost but mainly ensuring the functional characteristics. Innovation measurement methods of the process using thermal systems, high-speed scanning of dynamic processes and influence can be used to improve and verify the accuracy of these models. Four goals of manufacturing-related research at the Department of machining and manufacturing are; develop and improve measurement techniques, develop an understanding of the uncertainties involved with performing such measurements, compare models of machining to thermal and visible spectrum images to verify the models, and to share this understanding with the machining community. [6] The formation of individual deformation zones is shown on the Figure 4 , which shows a schematic of a typical image of an orthogonal cutting process. The relative motion between a cutting tool and a workpiece causes material to be removed from the workpiece. This removed material is referred to as a formation chip. Most of the deformation of the workpiece material occurs within a thin area called the shear zone. [7] Two of the many types of chips are called continuous and segmented. A continuous chip is a long ribbon of relatively uniformly deformed material. By contrast, a segmented chip has alternating zones of low and high shear strain. A zone of low strain in a segmented chip is called a segment. The zones of high strain between the segments are mechanically weak, so the long ribbons of material tend to break into short pieces. These short pieces are more manageable than a continuous chip. Even when segmented chips do not break completely, there is generally a partial gap between the segments. The shear zone is somewhat stationary when continuous chips are formed, but often travel along with the chips when the chips are segmented. We will call the area surrounding the shear zone the face of the chip. The shear zone has a higher temperature than the face. For segmented chips, the shear zone generally also has a higher emissivity than the face.
System used for measuring and observation processes in cutting zone consists from high-speed imaging camcorder, thermo-vision system and dynamometer for measuring of cutting forces. Besides these sub-devices, there is laboratory cold light for lightning of studied area and computer for synchronizing of all measured data. This multi-axis measuring system figure 4 was designed for universal lathe SUI-40, but construction of stand guarantees some universality of measuring system for other types of machines.
Figure 4 Multifunction measuring system, 1 -chuck; 2 -sample; 3 -cold light; 4 -high-speed imaging camcorder, 5 -thermo-vision system; 6 -dynamometer with tool; 7 -macro-stand
Dynamical monitoring of cutting process can be provided by high-speed imaging camcorder, which ensures, high-speed imaging in all experiments, with imaging frequency 1000fps. To detailed studying, supermacro lens Raynox MSN-202 with 20x magnification was used. Based on this optical system, we can capture the area 4mm x 3mm.
The actual heat distribution can be monitor by thermo-vision system, which captures thermal field in cutting zone and heat distribution when machining. This compact camera allows to measure temperatures up to 1200°C with tolerance ±2°C. Special optics with deflected lens allows to place the camera outside of perpendicular on scanned object. [4] By piezoelectric 3-component dynamometer, there are captured fast dynamic force relations, measured as cutting forces with high-speed scanning up to 1x10 5 Hz. All applied measuring devices are integrated by macro-stand figure 5. For correct mounting and manipulation, the macro-stand was designed with mounting on the lathe support, in order to ensure the simultaneous motion of camera with cutting tool. [5]
Figure 5 Macro-stand with triaxial feed
Nikel alloys are popular material due the high heat and creep resistance. Due to their specific properties, they are used in aerospace industry. Due to their mechanical and chemical properties, they are included among to the hard-machined materials. Because this material is characterized as combination of strength, toughness and hardness, there is necessary to choose specific cutting conditions. They were chosen into the real cutting conditions used in practice and they are shown in caption of on figure 6. All experiments were performed without coolant, because it would prevent the scanning by highspeed a thermo-graphic camera. [8] To prevent the influence of bound-cutting by cutting edge effect, there was technology of free-cut turning chosen. Free cutting ensures approach as much as possible to the area of the cutting zone and to ensure the departure of chips in the opposite direction of action of the cutting tool. [9] 3 EVALUATION OF THE EXPERIMENTS Measurements of cutting forces were conducted in various cutting conditions. As we can see, the cutting force Ff increased with the increasing feed and conversely, cutting force Fc decreased with increasing cutting speed figure 3. It can be deduced from measured data, that behavior of nickel alloys Monel 400 similar to the machining austenite of steel, but with higher ratio of cutting forces considering to mechanical properties of this alloy.
By the monitoring of dynamic course of cutting forces, we can say, that cutting process is created by often accumulation of material as built-up edge. The built-up edge has considerable influence for cutting geometry, what causes the high dynamization of cutting process.
Figure 6 Static values of cutting forces in various cutting conditions
Methods of examining and monitoring of cutting zone are developing with available technologies, which are applicable for monitoring and capturing of processes during the cutting process. The most commons possibilities, there were research of deformation processes based on finished changes after finish of cutting process, such as examining of metallographic samples of cutting zone, acquired by the immediate interruption of cutting process etc. This research reached sufficient and complete reflection about processes in cutting zone, but in static concept after finished process, therefore it was necessary to find new innovative technologies for idealized physico-mathematical models whereas previous experimental outcomes provide information about finished processes only. It is necessary to record deformation processes in the form of highspeed movie and image sequences from which the creation, shape of chips and deformations in cutting zone when machining were evaluating, were made from monitoring of cutting zone by high-speed imaging camcorder.
In the high-speed movie records, there can be seen the formation of deformation processes depending on the cutting conditions. At low cutting speeds, there occurs the formation of elementary chips giving rise to a high dynamic shocks which load and cyclically fatigue the cutting edge up to destruction (figure 7). At the higher cutting speeds, there occurs the formation of continuos ribbon chip, which has indentically different character of influence on the cutting edge, where thermal effects outweight the dynamic shocks and cyclic loadings. (figure 8) On the last picture (of Figure 8 ) from measuring system, there can be seen the primary and tertiary area and their influence on the machined surface. This surface has the effect of pooling the high stress loadings, which act negatively on the functional properties of parts. By application of notch, there was simulation of discontinuos cut, where was important the monitoring of cutting process before and after tensioning of technological system. Cutting conditions were indentic with conditions of continuous cut. In this experiment, there is formation of the same chip, which has indentic character with previous experiment. Cutting edge of cutting tool is exposed to temperature mainly and dynamic shock and cyclic loadings (figure 9).
On the each picture from measure system, there can be seen relaxation of technological system (toolworkpiece) with the transition to the tensioning of technological system. These captures show formation of deformation processes, which are suitable base for new simulating and matematical models. Sequential frame from multi-parametric output show schematically: In the upper left corner is a visual record of high-speed camera. In the top right corner is thermo-graph -respectively thermo-graphic time course of thermo-vision system (this is slowed down for highspeed camera frame rate). At bottom of video output is placed waveform of components of cutting force on the left and graphic time course of development of average temperature in cutting zone.
During the turning of the nickel alloy Monel 400, there occurs the phenomenon, when the primary contact of tool and machined material is highly loaded with pressure of transition from forming to cutting process. On the first frame (figure 11a), there is possible to see the formation of elementary chip after the intrusion of cutting tool into the action and after the stabilization of cutting process, there were created the flat spiral chip.
Microstructure and mechanical properties of the materials caused that almost throughout the cutting process the built-up edge was formed. The components of cutting force during the formation of built-up edge and its subsequent "holding on" the front face of the cutting tool grew, respectively were very high. After being picked, cutting forces decreased sharply down. In the new creation of built-up edge, the whole process was repeated. This iterative cycle resulted in a specific shape of waveform of components of cutting force. In the 3rd captured frame of Figure 11c is seen built-up edge and increased components of cutting force. On the last frame of Figure 11d is captured moment immediately after being picked of built-up edge. Designed multifunction measuring system for monitoring of processes in cutting zone allows observing the deformations, temperature field, forming and shape of chip directly in cutting process, without abortion. We can evaluate measured data in specific dependences which exist between them.
Forces, which act in the process, they change depending on cutting conditions, structure and mechanical properties of machined material.
Deformation processes, which are in cutting zone when machining, they run at high speed. In normal observation with naked eye or by microscope only, these processes are not identifiable. Detailed observation is possible by using the high-speed imaging camcorder. By this way, we can observe not only deformation processes but also creation and formation of chip.
By multifunction measuring system, we can better intensify the machining process, cutting conditions and so improve the products quality. We can reduce the cost, because this system allows simultaneous measuring. Based on the observations of deformation processes in cutting zone, creation and formation of chip, we can optimize the shape of cutting inserts, too.
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